Experiments were conducted on freshly dispersed aortic ECs from control and CH-exposed (barometric pressure: 380 mmHg for 48 h) rats. In electrophysiology experiments, outward currents were greater in cells from CH rats as well as from cells from control rats treated with the cholesterol-depleting agent methyl-␤-cyclodextrin. These enhanced currents were returned to control by HO inhibition. Channel activity could be restored by the CO donor CO-releasing molecule (CORM)-2 during HO inhibition. Administration of the Cav-1 scaffolding domain eliminated BK currents in cells from CH rats, and current was not restored by the addition of CORM-2. Colocalization experiments in ECs from control and CH rats demonstrated an association between HO-2, Cav-1, and BK. We conclude that EC BK channel activity is HO dependent in the absence of the inhibitory effect of the Cav-1 scaffolding domain.
(BK) channels is present after in vivo exposure to chronic hypoxia (CH) and may exist in other pathological states. However, the mechanism of channel activation that results in altered vasoreactivity is unknown. Previously, we demonstrated that inhibition of either BK channels or heme oxygenase (HO) restores vasoconstrictor reactivity after CH. Additionally, administration of the scaffolding domain of caveolin (Cav)-1 inhibits EC BK activity and restores vasoconstrictor reactivity in this setting. These results led us to hypothesize that CH exposure results in a loss in Cav-1 inhibition of EC BK channels, resulting in their activation by HO-derived carbon monoxide (CO). Experiments were conducted on freshly dispersed aortic ECs from control and CH-exposed (barometric pressure: 380 mmHg for 48 h) rats. In electrophysiology experiments, outward currents were greater in cells from CH rats as well as from cells from control rats treated with the cholesterol-depleting agent methyl-␤-cyclodextrin. These enhanced currents were returned to control by HO inhibition. Channel activity could be restored by the CO donor CO-releasing molecule (CORM)-2 during HO inhibition. Administration of the Cav-1 scaffolding domain eliminated BK currents in cells from CH rats, and current was not restored by the addition of CORM-2. Colocalization experiments in ECs from control and CH rats demonstrated an association between HO-2, Cav-1, and BK. We conclude that EC BK channel activity is HO dependent in the absence of the inhibitory effect of the Cav-1 scaffolding domain.
electrophysiology; methyl-␤-cyclodextrin; scaffolding domain; largeconductance calcium-activated potassium channels CHRONIC HYPOXIA (CH) results from pathological conditions or prolonged residence at high altitude that impair oxygenation. Patients with hypoxemia resulting from obstructive lung diseases have lower calf vascular resistance (6) and blunted reflex vasoconstriction in response to a challenge of lower body negative pressure (15) . In experimental models of chronic hypoxemia, systemic vasoconstrictor responsiveness is attenuated after a prolonged exposure to either normobaric or hypobaric hypoxia (1, 10) . In addition, CH reduces total peripheral resistance responses to vasoconstrictor agonists (10) and diminishes vasoconstrictor reactivity within several systemic vascular beds (7, 14, 20, 27) . Upon return to normoxic conditions, the blunted vasoconstrictor reactivity persists (10) and remains for up to 96 h (20) . This response is associated with vascular smooth muscle (VSM) and endothelial cell (EC) membrane potential hyperpolarization that involves the activation of endothelial large-conductance Ca 2ϩ -activated K ϩ (BK) channels (17, 24) . Consistent with these observations, removal of the endothelium restores agonist-induced and myogenic vasoconstrictor reactivity within the mesenteric and gracilis circulations after CH (11, 12, 17) and contractile responsiveness in aortic rings (7) . These observations are paralleled by the demonstration of BK currents in ECs from the aorta and gracilis arterioles (17) .
Activity of endothelial BK channels is inhibited by the scaffolding domain of caveolin (Cav)-1 (17, 29, 35) and may be enhanced by a variety of endothelial vasoactive substances. Indeed, nitric oxide (NO), carbon monoxide (CO), and the cytochrome P-450 product 11,12-epoxyeicosatrienoic acid all activate BK channels (2, 4, 9, 18, 38) . Previous work (14) from our laboratory has demonstrated a role of the CO-producing enzyme heme oxygenase (HO) as a hyperpolarizing influence after CH that diminishes agonist-induced vasoconstrictor reactivity. Additionally, HO inhibition or administration of the BK channel blocker iberiotoxin (IBTX) similarly restores VSM membrane potential (17, 25) in arteries from CH rats. There is also evidence in other cell types of association between HO and BK channels (22, 36, 39) , and the HO product CO activates VSM BK channels (19, (31) (32) (33) (34) . Since EC BK channels appear to be tonically active after CH, we hypothesized that HO-derived CO serves as an endogenous stimulus under conditions in which Cav-1 inhibition of the channel is impaired. This novel mode of endothelium-dependent vascular regulation would explain the HO and BK dependency of diminished vasoconstrictor reactivity in this setting.
METHODS

Animals
Experiments were performed on male Sprague-Dawley rats (Harlan). All procedures were approved by the Institutional Animal Care and Use Committee of the University of New Mexico Health Sciences Center.
Hypoxic Exposure
CH rats were exposed to hypobaric hypoxia at a barometric pressure of 380 mmHg for 48 h. Normoxic control rats were housed in identical cages at ambient pressure (ϳ630 mmHg).
Isolation of ECs
Freshly dispersed aortic ECs were used for patch-clamp and immunofluorescence imaging experiments. The aorta was chosen as the source of cells based on earlier results showing parallel endotheliumdependent attenuation of vasoconstrictor reactivity after CH in aortic rings and resistance vessels that was similarly reversed by HO inhibition (7, 14) . Furthermore, cells from the aorta and gracilis resistance arteries demonstrate identical effects of CH to unmask functional BK channels (17) . Aortae were removed and placed in ice-cold HEPES-buffered physiological saline solution (HBSS), which contained 150 mmol/l NaCl, 6 mmol/l KCl, 1 mmol/l MgCl 2, 1.5 mmol/l CaCl2, 10 mmol/l HEPES, and 10 mmol/l glucose and was adjusted to pH 7.4 with NaOH. Thoracic aortae were cut longitudinally and subsequently incubated for 2 h in basal endothelial growth medium with 4% BSA and 10 g/ml of the endothelium-specific probe 1,1=-dioctadecyl-3,3,3=,3=-tetramethyl-indocarbocyanine percholorate (Ac-LDL-Dil) at 37°C. Immediately after the endothelial labeling procedure previously described (16, 17, 28) , aortae were cut into 2-mm strips and exposed to mild digestion solution containing 0.2 mg/ml DTT and 0.2 mg/ml papain in HBSS for 45 min at 37°C. Vessel strips were removed from the digestion solution and placed in 1 ml of HBSS containing 2 mg/ml BSA. Single ECs were released by gentle trituration with a small-bore Pasteur pipette and were stored at 4°C between experiments for up 5 h. One to two drops of the cell suspension were seeded on a glass coverslip mounted on an inverted fluorescence microscope (Olympus IX71) for 30 min before superfusion. Single ECs and EC clusters were identified by the selective uptake of fluorescently labeled Ac-LDL-Dil with a rhodamine filter before each electrophysiological experiment.
Patch-Clamp Experiments
Single freshly dispersed ECs were superfused under constant flow (2 ml/min) at room temperature (22-23°C) in an extracellular solution (conaining 141 mmol/l NaCl, 4.0 mM KCl, 1 mmol/l MgCl 2, 1 mmol/l CaCl2, 10 mmol/l HEPES, and 10 mmol/l glucose and buffered to pH 7.4 with NaOH). Whole cell current data were generated with an Axopatch 200B amplifier (Axon Instruments) after a 5-min dialysis period using 4-to 6-M⍀ patch electrodes filled with an intracellular solution (containing 140 mmol/l KCl, 0.5 mmol/l MgCl 2, 5 mmol/l Mg2ATP, 10 mmol/l HEPES, and 1 mmol/l EGTA and adjusted to pH 7.2 with KOH). CaCl2 was added to yield a free Ca 2ϩ concentration of 1 M, as calculated using WinMAXC chelator software. Whole cell currents were measured in response to voltage steps applied from Ϫ60 to ϩ150 mV in 10-mV increments from a holding potential of Ϫ60 mV. All experiments used a conventional whole cell patch-clamp configuration with the following biophysical criteria: seal resistance Ͼ 1 G⍀ and series resistance Ͻ 25 M⍀. These criteria were confirmed after membrane rupture and monitored through the course of the experiment.
Protocols
Role of HO-derived CO in EC BK activity. Experiments were performed on freshly dispersed ECs from control and CH rats. Whole cell macroscopic currents were recorded before and after superfusion with the HO inhibitors zinc protoporphryin (ZnPPIX; 500 nM) or chromium mesoporphyrin (CrMP; 100 M). Additional experiments were conducted to test the effect of the HO substrate hemin (100 M) on transmembrane currents as well as the effect of the CO donor CO-releasing molecule (CORM)-2 (100 M) or its inactive form (iCORM-2). The identity of BK currents was confirmed in some experiments by use of the specific inhibitor IBTX (100 nM) or the BK activator NS-1619 (100 M).
Role of Cav-1 and cholesterol in EC BK activity. Experiments were performed on freshly dispersed cells from control and CH rats. Cells from control animals were superfused with the cholesterol-depleting agent methyl-␤-cyclodextrin (MBCD; 100 M) to mildly disrupt Cav-1 microdomains and unmask BK currents, as we have previously reported (17, 29) . After this treatment, cells were superfused with ZnPPIX to assess the role of HO on channel activity. Cells from CH rats were first dialyzed with the cell-permeant Cav-1 scaffolding domain peptide (AP-CAV; 10 mM) to inhibit channel activity, as previously reported (29), and then superfused with the CO donor CORM-2 as described above to test if exogenous CO restores current.
Immunofluorescence of Isolated EC Clusters
Small sheets of ECs were freshly dispersed from the aorta (see detailed methods above) and used for immunofluorescent detection of BK-␣, HO-1, HO-2, and Cav-1. One to two drops of the cell suspension were seeded on a glass coverslip for 30 min before fixation in 4% formaldehyde-PBS at room temperature for 15 min. After fixation, cells were permeabilized in 0.01% Triton-X-PBS for 10 min and blocked in 4% donkey serum in PBS for 1 h. Cells were incubated with primary antibodies for HO-1 (Stressgen) or HO-2 (Stressgen) and Cav-1 (BD Biosciences) for association of the HO isoforms with Cav-1. Other sections were treated with primary antibodies for BK-␣ (Alamone) and HO-1 or HO-2. All primary antibodies were detected with secondary antibodies conjugated to fluorescent dyes. Isolated cells were visualized with a confocal laser microscopy (LSM 510 Zeiss, ϫ63 oil-immersion lens). Colocalization of HO-1 and BK or HO-2 and BK was analyzed by calculating the Manders correlation coefficient. Images underwent nearest-neighbor deconvolution, and individual channels were thresholded to normalize intensity between channels, as we have previously described (29) . Colocalization (pixel overlap between channels) was defined by Manders correlation coef- Fig. 1 . A: outward currents in endothelial cells (ECs) from chronic hypoxic (CH) rats were significantly greater than cells from control rats. Heme oxygenase (HO) inhibition with zinc protoporphryin (ZnPPIX) decreased outward currents only in ECs from CH rats. *P Ͻ 0.05 vs. vehicle-treated control rats over the range of Ϫ40 to ϩ150 mV; #P Ͻ 0.05 vs. vehicle-treated CH rats over the range of Ϫ50 to ϩ150 mV. B: current density at Ϫ40 mV in all groups. *Different from the vehicle-treated control group; #differed from the vehicle-treated control group. ficient values (23) ranging from 0 to 1, with values close to 0 indicating nonoverlapping images and values close to 1 reflecting colocalization. A similar analysis was performed to assess the association of Cav-1 with HO-1 and HO-.2.
RESULTS
Role of HO-Derived CO in EC BK Activity
Endothelial transmembrane currents in cells from CH rats were significantly larger than controls (Fig. 1) , as previously reported (17) . This enhanced current in cells from CH rats has been previously shown to be blocked by IBTX (17) , as shown in the present study ( Fig. 2A) . Interestingly, blockade of HO activity in ECs from normal animals similarly normalized currents compared with IBTX (Figs. 2, A and B, and 3, A and  B) , without affecting control cells (Figs. 1, A and B, and 2B) . Additionally, the combination of the HO inhibitor ZnPPIX and IBTX did not significantly decrease outward currents more than ZnPPIX alone (Fig. 3A) , suggesting that ZnPPIX-and IBTX-sensitive currents are derived from the same pathway. Furthermore, the effect of ZnPPIX is very likely a specific inhibitory action on HO activity and the production of CO, since we have previously shown specificity at even higher concentrations (7) . Inhibition of BK activity by HO blockade was reversed by the BK channel opener NS-1619 (Fig. 4, A and  B) . We (17) have previously shown that NS-1619 is without effect in control cells. Thus, tonic BK channel activity is dependent on an HO product after CH; however, functional channels are still present in these cells and can be activated by other stimuli.
We also observed that the addition of excess substrate for the HO enzyme caused further enhancement of outward current only in cells from CH rats. Figure 5 shows this differential effect of hemin in cells from the two groups of animals; however, this augmentation was only observed at very positive membrane potentials and may not be relevant under physiological conditions. Nevertheless, these data suggest that HO activity may be mildly substrate limited in this preparation and that further stimulation of HO is associated with greater channel activity.
Role of CO in BK Channel Activation
CO is a product of HO and has been shown to activate VSM BK channels (19) . We performed experiments to test whether administration of a CO donor could reverse the effects of HO inhibition. iCORM was found to have no effect on outward currents in ECs from control and CH animals (Fig. 6) . In another series of experiments, we tested the effect of CrMP to inhibit outward current and the efficacy of the CO donor CORM-2 to reverse this effect in cells from CH rats (Fig. 7, A  and B) . Although CORM-2 reversed the effects of CrMP, it was without further effect in the absence of HO blockade in cells from either control or CH rats (Fig. 8, A and B) . These data support the hypothesis that HO-derived CO is responsible for tonic activation of EC BK channels in cells from CH animals and that endogenously produced CO is sufficient to provide near maximal activation under these experimental conditions.
HO Dependence of BK Currents in Cholesterol-Depleted ECs
We (17, 29) have previously demonstrated that cholesterol depletion with MBCD (100 M) unmasks BK currents in ECs from control animals due to a loss in Cav-1 inhibition of the channel. Thus, we hypothesized that removal of Cav-1 inhibition of BK channels by cholesterol depletion would elicit a HO-dependent activation of the channel, similar to results observed in cells from CH animals. Consistent with this hypothesis, MBCD treatment of control ECs elicited HO-dependent currents (Fig. 9, A and B) . Thus, like in CH cells, tonic BK channel activity is dependent on HO when caveolar domains are disrupted. These results suggest a tight coupling of HO with BK channels in these cells within lipid-rich microdomains.
Role of the Scaffolding Domain of Cav-1 on HO-Dependent BK Currents
Similar to our previous results (17, 29) , AP-CAV treatment significantly decreased outward currents in ECs from CH rats (Fig. 10, A and B) . In contrast to the HO inhibition experiments above, however, exogenous CO had no effect in the presence of AP-CAV. These results support the hypothesis that Cav-1 inhibits BK activity, rendering the channels insensitive to activators such as NS-1619 and CO.
Colocalization of HO-1 and HO-2 with Cav-1 and Colocalization of BK-␣ with HO-2
Immunofluorescence imaging of freshly dispersed ECs demonstrated a high incidence of colocalization of HO-2 with BK-␣ in aortic ECs from CH and control rats (Fig. 11, A and  B) . However, Manders correlation coefficients, representative of pixel overlap between fluorescence channels, were not different between CH and control groups (Fig. 11B ). In contrast to HO-2, HO-1 demonstrated little colocalization with BK in cells from either group of rats.
Cav-1 demonstrated similar colocalization with both HO-1 and HO-2 in cells from each group (Fig. 12, A and B) . Thus, both isoforms of HO appear to be present in Cav-containing domains, but only HO-2 appears to be associated with the BK channel (21).
DISCUSSION
The major findings from this study are as follows: 1) endothelial BK channels exhibit tonic HO-dependent activation after in vivo exposure to CH or ex vivo cholesterol depletion, 2) BK channel activity can be restored after HO inhibition in cells from Fig. 4 . A: during HO inhibition with ZnPPIX, the BK activator NS-1619 restored outward currents to vehicle-treated CH levels. NS-1619 was without effect in control cells (17, 29) . #P Ͻ 0.05 vs. the vehicle-treated CH group over the range of Ϫ30 to ϩ150 mV. B: current density at Ϫ40 mV in all groups. #Different from the vehicle-treated CH group. CH rats by the HO product CO or by NS-1619, 3) association of BK channels with the scaffolding domain of Cav-1 prevents activation by HO or the HO product CO, and 4) EC BK channels are associated with the HO-2 isoform but not HO-1 in Cavenriched domains. These findings suggest that BK channels and HO-2 form a functional unit within caveolae that is regulated by the scaffolding domain of Cav-1.
Our findings of a functional association between HO-2 and BK channels in ECs are consistent with prior observations in other cell types. Recent coimmunoprecipitation experiments in human embryonic kidney-293 and glomus type I cells found that BK and HO-2 form oxygen-sensitive complexes (36) . Interestingly, knockdown of HO-2 significantly decreased channel activity (36) . The authors hypothesized that acute hypoxia inhibits HO production of CO and thus limits channel activity, suggesting that HO-2 is the "oxygen sensor" that regulates glomus cell membrane potential and hence neurotransmitter release in the carotid body. BK channels are hemoproteins and upon binding of heme are potently inhibited. In conditions in which free heme can be degraded by HO, the channel remains active and can be stimulated by the HO product CO (39) . However, experiments characterizing the heme-binding domain of BK channels found that decreased oxygen and a reduced state of the heme-binding domain significantly increased the channel's affinity for heme and resulted in potent inhibition (39) . In contrast, under normoxic conditions, channel affinity was much higher for CO than heme and permitted channel activity (39) . Thus, HO function and heme/CO binding appear to be important regulators of BK activity and associate with the channel to form oxygen-sensitive complexes. In the present study, all experiments were performed under normoxic conditions to eliminate any complicating effects of acute hypoxia. Thus, in vivo during CH, the regulation of EC BK channels could be affected by the influence of acute hypoxia on HO activity. However, the degree of hypoxia used ex vivo to inhibit HO activity is likely much more severe than that observed in the intact vessel wall during CH. The level of hypoxia reported to decrease HO activity is below 10 Torr (5), whereas the arterial PO 2 measured in vivo in rats under CH conditions is ϳ41 Torr (10). Furthermore, we have observed that the HO-dependent attenuation of vasoconstriction in intact animals is largely unaffected by the acute Fig. 6 . Treatment with the inactivated form of carbon monoxide (CO)-releasing molecule (CORM)-2 (iCORM; 100 M) had no effect on outward currents in cells from either control or CH rats. 5 . A: addition of the HO substrate hemin was without effect on outward currents in cells from control rats. B: hemin increased outward currents in cells from CH rats, but only over the range of ϩ120 to ϩ150 mV. #Different from the vehicle-treated CH group. C: summary data at Ϫ40 mV. *P Ͻ 0.05 vs. the vehicle-treated control group. restoration of normoxia (10) . In addition, acute inhibition of HO in conscious rats previously exposed to CH results in profound vasoconstriction that is independent of sympathetic innervation and that is not seen in control animals (27) . These latter observations suggest that the HO-dependent pathway defined in the present study has considerable physiological significance after CH. Thus, unlike in the carotid body, oxygen does not likely limit HO activity in the resistance vasculature.
The present study also confirms the important regulatory role of Cav-1 on EC BK function. Under control conditions, Cav-1 potently inhibits HO-dependent activation of BK channels, as evidenced by the lack of BK current under control conditions and the inability to activate channel activity with NS-1619 or CORM-2. However, CH exposure decreases the association between Cav-1 and BK channels (29) , enabling channel activation by endogenous gaseotransmitters such as CO and NO (17) . A recent study (21) in vascular ECs demonstrated that HO-1 and HO-2 colocalize and are inhibited by association with Cav-1. Thus, a derangement in Cav-1 function after CH exposure may enable not only accessibility of the channel to activators and permit channel opening but could possibly increase endogenous HO activity. Although a previous study (20) found enhanced vascular HO-1 expression after CH, immunofluorescence experiments on native cells suggested that BK channels associate with HO-2 in ECs, and this Fig. 7 . A and B: similar to treatment with ZnPPIX, outward currents were diminished in cells from CH rats by the HO inhibitor chromium mesoporphyrin (CrMP). However, during continued HO inhibition, current was restored by the CO donor CORM-2. #P Ͻ 0.05 vs. the vehicle-treated CH group over the range of Ϫ30 to ϩ150 mV. B: summarized data. #Different from the vehicletreated CH group. enzyme isoform is likely responsible for channel activation, although a role for HO-1 cannot be excluded based only on these images. Although increased expression of HO or of BK channels after CH could explain the emergence of HO-dependent BK currents in this setting, the similar effect of CH and acute cholesterol depletion with MBCD suggests that differential channel regulation by Cav-1 is responsible for this effect rather than altered gene expression. Interestingly, colocalization experiments demonstrated no decreases in the association of either HO isoform with Cav-1 in native cells after CH. These results suggest that the BK, Cav-1, and HO-2 complex is intact in control conditions but only becomes active after CH or cholesterol depletion due to decreased Cav-1 inhibition of the channel. In addition, although we did not examine colocalization of the HO isoforms with Cav-1 and BK channels in cells treated acutely with MBCD, we would predict a similar profile as CH due to the similar physiology observed between those groups. Although HO-1 appears to also be associated with Cav-1, it is not part of the BK signaling entity.
There are several established mechanisms by which HO could activate EC BK channels. In human BK channels, the breakdown of heme by HO enables enhanced channel activity from the production of CO, presumably through CO binding of a redox-sensitive domain with the COOH terminus (8, 39) . Our results confirm the ability of CO to activate EC BK channels and are consistent with an earlier report (9) in human umbilical vein ECs. In addition to the direct effects of CO on BK channels, reduction of elevated enzymatic activation reduces the local concentration of heme, which exerts an inhibitory effect on the channel (30) . Our results also indicate that channel activity is near maximum tonically in a HO-dependent fashion. This latter result may be related to the greater Ca 2ϩ sensitivity that we have observed in EC BK channels compared with similar channels in VSM (29) , where localized Ca 2ϩ events (sparks) are required for full activation. In addition, the apparent enhanced Ca 2ϩ sensitivity of EC BK channels could be due to an effect of CO itself, as previously suggested (19) . Furthermore, EC intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) is greater in arteries from CH rats compared with controls (13), which could also contribute to basal activation. Nevertheless, we propose that HO-BK complexes are inhibited in control conditions due to channel association with Cav-1 and its Fig. 9 . A: cholesterol depletion with methyl-␤-cyclodextrin (MBCD) in control ECs caused enhanced outward current compared with untreated control ECs that was reversed by HO blockade with ZnPPIX. *P Ͻ 0.05 vs. control treatment (Ϫ40 to ϩ150 mV); ␦P Ͻ 0.05 vs. MBCD (Ϫ20 to ϩ150 mV). B: summarized data at Ϫ40 mV. *Different from the vehicle-treated control cells; ␦different from control cells treated with MBCD. Fig. 10 . A: outward currents in cells from CH rats were significantly reduced after treatment with the scaffolding domain peptide of caveolin (Cav)-1 (AP-CAV). Unlike after HO inhibition (Fig. 6) , current was not restored by exogenous CO (CORM-2). #P Ͻ 0.05, AP-CAV-treated CH group vs. vehicletreated CH group (Ϫ50 to ϩ150 mV). B: summarized data at Ϫ40 mV. #Different from the vehicle-treated CH group. scaffolding domain. The rapid emergence of HO-dependent BK currents in cells from control animals treated with MBCD illustrates how Cav-1 function either permits or inhibits this unique complex.
Although the present patch-clamp data suggest a tonic nearmaximal activation of EC BK channels in cells from CH rats, earlier experiments in isolated arteries suggested that channel activity is present at normal physiological membrane potentials and can be further enhanced in response to various stimuli. For example, although tonic activity of EC BK channels likely underlies reduced myogenic and agonist-induced vasoconstriction after in vivo CH exposure (11, 17, 25, 29) , endotheliumdependent vasodilator responses to acetylcholine are mediated by an IBTX-sensitive pathway in arteries from these animals that is not seen in controls (17) . These data suggest that in the intact artery, EC BK activity is not maximal and is responsive to acute increases in [Ca 2ϩ ] i elicited by endothelial stimulation. The BK response to transient elevations in [Ca 2ϩ ] i could be either a direct effect on the channel or through a secondary effect of Ca 2ϩ on HO activity, since the HO-2 isoform shown to associate with BK channels possesses a Ca 2ϩ /calmodulinbinding domain (3) . This Ca 2ϩ sensitivity of HO activity was recently confirmed in astrocytes, where increased Ca 2ϩ concentration resulted in elevated CO production (37) . In addition to acute effects of Ca 2ϩ , we (25) have previously observed that administration of the HO substrate heme-L-lysinate results in additional vasodilation in isolated arteries that is IBTX sensitive and that is associated with vessel wall hyperpolarization. These observations differ from the present patch-clamp data in isolated cells, where the addition of hemin elicited only modest effects on BK activity. This discrepancy could be related to the isolation procedures used and the artificially high Ca 2ϩ concentration used in the patch-clamp protocol. In addition, the inability of CORM-2 to further activate the channel even in cells from CH rats is not consistent with the modest effects of hemin in the present study or with the significant effects of hemin in earlier whole vessel experiments. The reason for this discrepancy is not clear and may again be related to the artificial conditions associated with patch clamp. Thus, although studies (17, 29) in intact arteries and isolated ECs have suggested a tonic hyperpolarizing influence of BK channels that affects vasoreactivity, the channel can be further activated to promote additional vasodilation in situ.
In conclusion, CH exposure results in a loss of Cav-1 inhibition of EC BK channels, which are dependent for activation by HO-derived CO. Activation of these normally dormant EC BK channels results in EC hyperpolarization (17, 29) and subsequent vascular wall hyperpolarization and diminished vasoconstrictor reactivity, as previously demonstrated (7, 17, 25, 26) .
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